This letter reports a ferroelectric polymeric composite concept with dramatically enhanced effective electrostriction, strain energy density, and electromechanical coupling factor, where high-dielectric-constant ceramics are arranged in series with ferroelectric polymers having large electrostrictive strain. We demonstrate the importance of the dielectric constant of the constituent phases and the microstructural geometry of the composite on the effective electrostriction of the material.
but the particular microstructure constructed is not optimal for high electrostriction and thus no enhanced strain has been reported. In another word, an appropriate microstructure of the composite must be identified to take advantages of the high dielectric constant of ceramic phase, so that the enhanced electrostriction can be obtained in the composite.
To elaborate the concept we consider the electrostriction governed by the one-dimensional constitutive equations ϭSϩM E 2 , Dϭ2M EϩE, ͑1͒
where and are the strain and stress, D and E are the electric displacement and field, S is the elastic compliance, is the dielectric constant, and M is the electrostrictive coefficient. The dielectric equation can also be written as Dϭ͓͔E with ͓͔ϭϩ2M ͑2͒
for simplification. This one-dimensional model captures the essence of our concept without introducing unnecessary three-dimensional complication. Notice that the electric field E rather than the polarization P is used as independent variable since it is experimentally controllable. As such Eq. ͑1͒ is only valid for linear dielectrics where the polarization P is proportional to the electric field E. For a composite made of different phases where the electromechanical field is heterogeneous, we can define the effective moduli of the composite through the effective constitutive equation under the assumption of macroscopic homogeneity,
͑3͒
where the overhead bar is used to indicate a volumeaveraged quantity. Our goal is to enhance the effective electrostrictive coefficient M * of the composite, but that is not the only measure of the electrostrictive property. Other measures include the effective strain energy density U* and the electromechanical coupling factor k*:
The electromechanical coupling factor is derived following the procedure described by Hom et al. 6 though the expression is different from theirs because we use E rather than P as the independent variable. Both U* and k* depend on the average electric field in the composite, again valid only in the linear dielectric regime. As such U*/Ē 4 Now let us consider a composite made of two phases arranged in parallel with each other. This parallel model simulates the properties of fibrous composites along the fiber direction very well. In such configuration, the electric field and strain are uniform in the composite, and this leads to exact expressions for the effective properties of the composite
where subscripts 1 and 2 are used to indicate the quantities in polymeric or ceramic phase, and f i is the volume fraction of the corresponding phase. An inspection on the effective moduli indicates that this composite is not very interesting. The second phase usually has smaller compliance and electrostriction, which tends to decrease the effective electrostriction of the composite. This is in contrast to the piezoelectric fibrous composites widely used in underwater sonar applications.
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Next let us consider a composite made of two phases arranged in series with each other. This model simulates the properties of composite laminates along laminating direction very well. In such configuration, the electric displacement and stress are uniform in the composite, and this leads to exact expressions for the effective properties of the composite
A inspection immediately reveals that this composite is very interesting in the sense that the effective electrostriction could be enhanced dramatically if an appropriate material is chosen as the second phase. Indeed, if we choose a ceramic with high dielectric constant such that 1 Ӷ 2 , the effective electrostrictive coefficient can be simplified approximately as
when f 1 is comparable to f 2 or larger. This suggests that the effective electrostriction can indeed be enhanced by incorporating a second phase with much larger dielectric constant than that of the ferroelectric polymer, even if the electrostriction of the second phase is zero. Meanwhile, both the strain energy density and the electromechanical coupling factor will also be improved, since the composite has larger electrostriction and elastic stiffness.
To demonstrate the concept we consider three composites made of PZT-5, PZT-5H, and PZT-7A ceramics embedded in P͑VDF-TrFE͒ polymer, respectively. The polymer is isotropic, while the ceramics are transversely isotropic, and we choose the properties along the axis of the ceramic as the material properties in our one-dimensional model, which are listed in Table I . The materials properties for P͑VDF-TrFE͒ are estimated from Zhang et al., 1, 2 and the material properties for PZT are obtained from Dunn and Taya. 8 We use the Young's modulus of 1.35 GPA for P͑VDF-TrFE͒ to match the electromechanical coupling factor of 30% reported for P͑VDF-TrFE͒ 9 using our Eq. ͑4͒, and ignore the piezoelectricity of the ceramics because it is small compared to the electrostriction.
The effective electrostrictive coefficient, the effective energy density per unit E 4 , and the effective electromechanical coupling factor per unit E 2 of composites as function of the volume fraction of ceramics are shown in Figs. 1, 2 , and 3, respectively. We notice that even small addition of PZT ceramics in P͑VDF-TrFE͒ polymer enhances its electrostrictive properties, and the enhancement is most dramatic near the high volume fraction limit. The three PZT ceramics we choose have similar Young's modulus Y , but quite different dielectric constant , which allows us to demonstrate the effect of dielectric constant of the ceramic phase on the overall behavior of the composites. Indeed, among three composites we considered, the PZT-5H reinforced one had the most enhancement, and the PZT-7A reinforced one had the least improvement, reflecting the relative effect of the dielectric constant. For the PZT-5H reinforced composite, the electrostrictive coefficient can be increased as much as six times, and the enhancement in the strain energy density and the electromechanical coupling factor is even more dramatic. These results demonstrate that the electrostrictive properties can indeed be enhanced dramatically through the composite concept.
